We describe results of density of states (DOS) profiling in p-i-n solar-cell devices using drive-level capacitance (DLC) techniques. Near the p-i interface the defect density is high, decreasing rapidly into the interior, reaching low values in the central region of the cell, and rising rapidly again at the n-i interface. We show that the states in the central region are neutral dangling-bond defects, whereas those near the interfaces with the doped layers are charged dangling bonds.
INTRODUCTION
Knowledge of the defects and their distribution in space and energy is a fundamental ingredient in solar-cell modeling. To date this information is lacking, as the information about defects is obtained from measurements on homogeneous films. In a device, the structure is far from homogeneous. Charged dangling bonds, distributed from the interfaces with the doped layers into the bulk, are produced by defect thermodynamics [I] . However, their spatial and energy distributions are postulated theoretically, but yet unmeasured in actual cells. Defects at interfaces are not necessarily present in the bulk.
Therefore, it is important to develop new techniques to determine the defects in a cell. Among the most useful techniques developed to profile defects in crystalline semiconductors is capacitance-voltage (C-V) profiling. Unfortunately, this technique is difficult to interpret in amorphous silicon because the depletion charge is not fixed, but depends on applied bias. In addition, the large spread in deep-state emission energies makes results dependent on measurement time scales. To overcome this difficulty, Michelson et al. [2] developed the drivelevel capacitance (DLC) technique and applied it to n-type Schottky barrier structures. They obtained a picture of the density of states (DOS) throughout the doped layer. In this paper we describe how this technique is used to measure the spatial profile of defects in the i layer of solar cells. We combine the analytic form of DLC with simulations of the solar-cell devices using the AMPS solar cell modeling program [2] .
EXPERIMENTAL DETAILS
The a-Si:H solar cells are fabricated using radiofrequency glow discharge of silane and doping gases. Details of the deposition conditions are published elsewhere [3] . Trimethylboron (TMB) and phosphine, respectively, are used for the p-and n-type doping. The H content of the samples is about 10%. The films are grown on 1 in. x 1 in. 7059 glass substrates coated with SnO, , which serves as a back contact to the p layer. The i layer thickness varies between 500 and 4000 nm.
The capacitance is measured by a standard lock-in technique using frequencies between 100 and 10 kHz. The devices are mounted in an evacuated liquid nitrogen Dewar capable of maintaining a stable temperature. Measurements are performed at different temperatures between 299 K and 470 K. The DLC theory gives the defect density ( N, J in terms of an expansion of the measured capacitance (C). The theory was developed for an n-type junction, device and the quantities defined below apply to the n layer.
The terms in the expansion of C are obtained by measuring C at a variety of ac drive voltages (dV). The defect density is obtained from
where q is the magnitude of the elemental charge, E, the dielectric constant, and A the sample area. To obtain the defect profile, measurements are made as a function of bias, and N , is plotted versus the depletion width (W). The depletion width is measured from the junction.
The defect density corresponds most closely to the density at the edge of the depletion width. Figure 1 shows typical C-V data for a thick p-i-n device.
EXPERIMENTAL RESULTS
Measurements at lower frequency or higher temperature would show correspondingly higher values of capacitance as more states would be able to respond to the ac voltage. To obtain the DOS, we typically measure at seven peak-to-peak ac voltages between 0.02 and 0.14 V. The data are then fit to obtain CO and C, at each dc bias value. 
SOLAR CELL SIMULATION
The AMPS solar cell model has been under development at Pennsylvania State University to model single-and multi-junction amorphous silicon cells. Here, we use it to gain insight into what we measure by DLC. This model calculates the field profiles, energy bands, and defect occupancies throughout the cell. We use it to find W as a function of bias and the nature of the defects at the point in the i layer corresponding to W. Unfortunately, AMPS does not treat the dangling bond as an amphoteric defect, but rather, uses neutral acceptor or donor states to denote the possible transitions. Furlhermore, AMPS is a steady-state, rather than a transient simulation. To calculate the ac capacitance, one must use a transient simulation. However, we can still use AMP to obtain qualitative insight rather than quantitative agreement with experiment. Figure 3 depicts such a simulation for a 1.3-pmthick i layer at 0.5 V bias. In the figure, We and W , represent the electron and hole depletion widths, respectively. These widths are determined by the condition that the charge involved in the respond at the ac measuring frequency. For electrons this condition is that
and for holes,
T is the absolute temperature, f the measuring frequency,
v the attempt-to-escape frequency, and is the Boltzmann constant. The subscripts e and h refer to holes and electrons, respectively. Ef is the Fermi level and Eed and Ehd are electron and hole demarcation levels respectively. Because Ef -E, >0.5 eV throughout the i layer, we do not expect the holes to be able to respond at the temperature and frequency used for measurements. If the frequency were much lower andor the temperature higher, the holes might be able to respond. However, E, -Ef > 0.15 eV throughout the i layer so that electrons can respond. This approximation greatly simplifies the analysis and permits an unambiguous determination of the DOS. In what follows then, we take W=We in all the analysis.
In the DLC measurement, We denotes the point at which the DOS is measured. With increasing negative bias, We moves further toward the n-i interface; with increasing positive bias, We moves toward the p-i interface. To see what states are occupied and can take part in transitions, we again use AMPS to find the defect occupancy. The occupied states are shown in Fig. 4 . If we compare Figs. 3 and 4 , we see that We is located in a region where there is a high density of D'. From Fig. 3 we conclude that W = We = 1.1 pm. Fig. 4 indicates that at W,=l.l pm, the occupied bandtail states are insignificant compared to the D . However, for larger We, the bandtail states dominate the We.
At larger foward bias, We moves rapidly to smaller values and probes the Do and D+. For example, at We = 0.2 pm the D+ and bandtail states occupied with holes are about equal. For smaller We, the density of Do and D+ remain constant and the bandtail states occupied with holes increases. However, holes in bandtail states are not observed in DLC because they are too deep (>1.3 eV) in the gap to respond at the conditions of measurement. One might argue that we are observing a transitions between the valence band and an occupied bandtail state. However, two facts exclude this possibility. The first is that if the holes could respond, the W, would lie near the ni interface rather than the p-i interface. In this region, any states occupied by holes are too few in number to account the data. The second reason is that the measured DOS observed for small W are independent of temperature and frequency. This indicates that they are transitions involving shallow states. The only shallow states that can respond are D+. The 0/+ transition of these defects is located within about 0.5 eV from the conduction band [4].
However, Fig. 4 indicates that the density of D+ is too low to account for the measured DOS in Fig. 2 close to the p-i interface. To reconcile the DOS measured by DLC profiling with those from a standard AMPS simulation, it is necessary to include charged dangling bonds produced by thermodynamic equilibrium during growth [l] . Our previous calculation [ l ] indicates that there are high densities of negatively charged dangling-bond defects near the n-i interface and somewhat lower densities of positively charged dangling bonds near the p-i interface. Near the n-i interface these defects would be much larger than those produced by tail state occupancy. However, near the p-i interface they would be on the order of the occupied tail state density. 
